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In Brief
Error correction, which requires the
destabilization of improper kinetochore-
microtubule attachments, often takes
place near spindle poles, but the
significance of this location was unclear.
Ye et al. show that Aurora A kinase
facilitates error correction through a pole-
centered activity gradient that locally
phosphorylates kinetochore substrates.
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Chromosome biorientation, where sister kineto-
chores attach to microtubules (MTs) from opposing
spindle poles, is the configuration that best en-
sures equal partitioning of the genome during cell
division. Erroneous kinetochore-MT attachments
are commonplace but are often corrected prior to
anaphase [1, 2]. Error correction, thought to bemedi-
ated primarily by the centromere-enriched Aurora B
kinase (ABK) [3–5], typically occurs near spindle
poles [6]; however, the relevance of this locale is un-
clear. Furthermore, polar ejection forces (PEFs),
highest near poles [7], can stabilize improper attach-
ments by pushing mal-oriented chromosome arms
away from spindle poles [8, 9]. Hence, there is a
conundrum: erroneous kinetochore-MT attachments
are weakened where PEFs are most likely to
strengthen them. Here, we report that Aurora A ki-
nase (AAK) opposes the stabilizing effect of PEFs.
AAK activity contributes to phosphorylation of kinet-
ochore substrates near poles and its inhibition re-
sults in chromosome misalignment and an increased
incidence of erroneous kinetochore-MT attach-
ments. Furthermore, AAK directly phosphorylates a
site in the N-terminal tail of Ndc80/Hec1 that has
been implicated in reducing the affinity of the
Ndc80 complex for MTs when phosphorylated
[10–12]. We propose that an AAK activity gradient
contributes to correcting mal-oriented kinetochore-
MT attachments in the vicinity of spindle poles.
RESULTS
Bioriented attachments are thought to be stabilized, in part, by
tension-dependent movements [13, 14] of outer kinetochore
components away from ABK. The resultant spatial separation
correlates with a reduction in phosphorylation of kinetochore-
microtubule (MT) attachment factors [15, 16] that is proposed
to increase the kinetochore’s affinity for MTs [17]. Flawed attach-
ments areweakened in favor of biorientedkinetochores througha1842 Current Biology 25, 1842–1851, July 20, 2015 ª2015 Elsevier Lprocess called error correction. Many models evoke tension-
dependent inhibition of centromere (CEN)-based error correction
via spatial separation [18]. The concept is reasonable if erroneous
attachments are ‘‘tensionless,’’ yet improper attachments may
come under tension when mal-oriented chromosomes are
opposed by polar ejection forces (PEFs) [19]. In support of this,
we previously reported that elevated PEFs stabilize syntelic
attachments [8], where sister kinetochores attach to the
same pole, by overwhelming Aurora B kinase (ABK). Thus, while
CEN-based models explain the instability of tensionless
attachments, they fail to account for error correction when PEF-
generated tension opposes ABK. Furthermore, recent work
suggests that CEN-based Aurora kinase is dispensable for error
correction in budding yeast, as mutants with Ipl1 (S.c. Aurora
homolog) enriched on the spindle rather than the centromeres
still achieved biorientation [20]. Clearly, a more comprehensive
understanding of error correction requires further inquiry.
Unlike budding yeast, metazoans possess multiple Aurora
kinases, most notably ABK and Aurora A kinase (AAK), which
are enriched at centromeres and spindle poles/centrosomes,
respectively [21]. As the kinases share nearly identical
consensus target motifs [22], it is likely that the principal determi-
nant of their substrate specificity is their respective sub-cellular
localizations [23]. Here, we investigate whether a non-CEN-
based pathway contributes to error correction by testing the
hypothesis that AAK phosphorylates kinetochore substrates in
the vicinity of poles.
We previously developed a cell-based assay in which tension
can be experimentally elevated at kinetochores by manipulating
PEF production [8]. In the PEF assay, inducible overexpression
of the major PEF-producing kinesin-10 motor NOD [24] results
in a dose-dependent increase in stable syntelic attachments in
Drosophila S2 cells. To examine whether AAK affects the ability
of PEFs to stabilize syntelic attachments, we created a cell line in
which both NOD and AAK could be overexpressed simulta-
neously via CuSO4 induction (Figure 1A and Movie S1). AAK-
GFP localized to spindle MTs to varying degrees depending on
the level of overexpression and was always highly enriched at
centrosomes (Figures 1B and 1C). In agreement with previous
observations in HeLa cells [25], the centrosome-enriched popu-
lation of AAK-GFP turned over with rapid kinetics (t1/2 of 7 s) in S2
cells (Figures S1A and S1B and Movie S2). Inducible NOD-
mCherry and AAK-GFP cells co-expressing Ndc80-GFP, for
assessment of attachment states, were subjected to the PEFtd All rights reserved
Figure 1. AAK Activity Is Highest near Spindle Poles and Counteracts the Kinetochore-MT Attachment Stabilizing Effect of Elevated PEFs
(A) Still frames from a time-lapse of a dividing S2 cell expressing inducible NOD-mCherry and inducible AAK-GFP.
(B) Spinning-disk confocal images showing examples of low (top) and high (bottom) AAK-overexpressing cells. MT localization is more evident in the higher
expressing cell.
(C) Normalized fluorescence intensities of AAK-GFP and TagRFP-T-a-tubulin along the length of 14 mitotic spindles (normalized for variability in spindle length)
from cells with a range of AAK-GFP overexpression. AAK-GFP ismost abundant at centrosomes and its levels are slightly higher closer to the spindle poles than in
the mid-spindle.
(legend continued on next page)
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assay. Cells with and without AAK-GFP expression on the same
coverslip could be compared due to variability in expression
levels. Importantly, AAK overexpression reduced the potency
of the PEF effect (Figures 1D–1G). Thus, AAK overexpression at-
tenuates the kinetochore-MT attachment stabilizing effects of
elevated PEFs in S2 cells.
The observation that centrosomal/spindle-pole-enriched AAK
affected kinetochore-MT attachment stability suggested that the
kinase could phosphorylate substrates at a distance through an
activity gradient. A fluorescence resonance energy transfer
(FRET)-based sensor that exhibits changes in intramolecular
FRET upon phosphorylation [26] was used to probe this possibil-
ity. In the reporter used here, Aurora kinase phosphorylation
causes a structural rearrangement such that phosphorylation
leads to reduced FRET efficiency [27], and a prior strategy [28]
was adapted to target the reporter to MTs in S2 cells (Figure 1H).
To isolate the contribution of AAK to probe phosphorylation, we
treated cells co-expressing TagRFP-T-a-tubulin and the Tau-
Aurora FRET reporter with a high dose (40 mM) of the Drosophila
ABK-specific inhibitor binucleine 2 [29, 30]. This treatment,
which requires the addition of MG132 to prevent mitotic exit, re-
sults in monopolar spindle assembly in a majority of cells. Three
categories of FRET emission ratios at the monopole center, as
defined by TagRFP-T-a-tubulin signal, relative to 3 mm away
emerged when FRET of the MT-associated reporter was exam-
ined across monopoles (Figure 1I): weak/undetectable gradients
(<5% reduction in FRET ratio), moderate gradients (5%–10%
reduction), and strong gradients (>10% reduction). AAK activity
was required for FRET-based visualization of the gradients, as
depletion of AAK (Figures S1C–S1E) led to a reduction in the
number of cells with strong gradients relative to control RNAi-
treated cells (Figures 1J and 1K) and most AAK-depleted cells
had weak/undetectable gradients (Figure 1K). A substantial
majority of cells (86%) did not have detectable gradients in cells
expressing a non-phosphorylatable (negative control) version of
the reporter (Figure 1L). Thus, a pole-centered AAK phosphory-
lation gradient is present in mitotic Drosophila S2 cells.
While PEFs act on chromosome arms, it is the transmission of
opposing force through the mis-attached kinetochores that
leads to their stabilization. Thus, we reasoned that the AAK activ-(D) Plots of percent syntelic attachments versus NOD-mCherry fluorescence for
stabilization of syntelic attachments is less potent in AAK-GFP-overexpressing ce
Control, n = 64 cells; AAK overexpression, n = 117 cells. R values are 0.81 (no A
(E) Mean percent syntelic attachments for low and high NOD-expressing cells, d
versus AAK-GFP-overexpressing (inset) cells. The percentage of syntelic attachme
and high NOD expression levels.
(F) AAK-GFP levels were quantified and the mean percent of syntelic attachmen
range are significantly lower than groupings of control cells with comparable lev
(G) Maximum-intensity projections of Ndc80-GFP (green)- and NOD-mCherry (re
comparable levels of NOD-mCherry. The percentage of syntelic attachments, whic
(H) Schematic of the MT-targeted Tau-Aurora FRET sensor used in this study.
(I) Representative images of cells co-expressing TagRFP-T-a-tubulin and the Tau-
ratio images ‘‘FRET/mTurq2’’ are pseudo-colored, and the color wedge spans r
tectable’’ (<5% reduction), ‘‘moderate’’ (5%–10% reduction), and ‘‘strong’’ (>10%
emission ratio in the monopole center relative to 3 mm away are shown.
(J–L) Normalized FRET ratios across monopoles (normalized tubulin intensity) fro
each type of gradient in that condition (for example, the control RNAi plot is from s
cells; AAK RNAi, n = 45 cells; Tau-nonPhospho, n = 41 cells.
Scale bars, 10 mm (A, E, and I) and 5 mm (B and G). Error bars indicate the SEM.
***p < 0.0005. See also Figure S1 and Movie S1.
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substrates that approach the spindle poles. To test this hypoth-
esis, we adapted a strategy previously used to target the Aurora
kinase FRET sensor to human kinetochores [15] for use in
Drosophila S2 cells by fusing the FRET reporter to the C terminus
of TagRFP-T-tagged DrosophilaMis12, a component of the core
kinetochore-MT attachment complex [10] (Figure 2A). We
confirmed earlier findings from HeLa cells [15] that the sensor
is more phosphorylated (lower emission ratio) at unattached ki-
netochores than at bioriented kinetochores in Drosophila S2
cells (Figures 2B and 2C). Cells treated with binucleine 2
(Figure S1F) exhibited reduced sensor phosphorylation at unat-
tached kinetochores (Figures 2B and 2C). The FRET measure-
ments in binucleine 2-treated cells most likely underestimate
the reduction in phosphorylation, given that a non-phosphorylat-
able reporter, which has equally high emission ratios at bio-
riented and unattached kinetochores, exhibited a 5% reduction
in FRET in the presence of 40 mM binucleine 2 (Figures S2A
and S2B). Taken together, the data suggest that ABK is the
dominant kinase targeting theMis12-FRET sensor at unattached
kinetochores in S2 cells.
Sensor phosphorylation at aligned and polar kinetochores was
evaluated next. The Drosophila CENP-E homolog (CENP-meta)
was depleted from cells expressing the kinetochore-targeted
FRET sensor to increase the number of polar chromosomes
[31]. The FRET sensor was more phosphorylated at polar kineto-
chores than at bioriented kinetochores (Figures 2D, 2E, andS2C).
Since polar chromosomes in CENP-E-depleted mouse fibro-
blasts have been shown to lack kinetochore-MT attachments
[32], the increased phosphorylation observed at these kineto-
chores may have solely been a result of ABK-mediated phos-
phorylation of unattached kinetochores. However, this was not
the case, as double depletion of CENP-meta and AAK, which
did not reduce ABK activity (Figures S2D and S2E), resulted in
a reduction in phosphorylation of the reporter at polar kineto-
chores relative to those in CENP-meta RNAi cells (Figures 2D,
2E, and Figure S2C). The data do not rule out a role for ABK in
phosphorylating polar kinetochores in S2 cells, which may ac-
count for the statistically significant increase in phosphorylation
of the reporter at polar versus aligned kinetochores thatcells with (green) and without (red) AAK-GFP overexpression. PEF-mediated
lls. Data from six independent experiments were fit with a hyperbolic function.
AK overexpression) and 0.72 (AAK overexpression).
efined by the halfway point of the expression range in control cells, in control
nts is significantly lower in AAK-overexpressing cells than in control cells at low
ts in cells from both the lower and upper half of the AAK-GFP overexpression
els of NOD overexpression.
d)-expressing cells with and without overexpressed AAK-GFP (green) but with
h is lower in the AAK-GFP-overexpressing cell, is shown in themerged images.
Aurora FRET reporter treatedwith binucleine 2 andMG132. The FRET emission
atio values of 1.5 (black) to 2.0 (yellow). Examples of cells with ‘‘weak/unde-
reduction) gradients as defined by the percent reduction in normalized FRET
m ten cells per condition. Each plot contains data reflecting the percentage of
even strong, two moderate, and one weak/undetectable). Control RNAi, n = 35
Two-tailed p values of a Student’s t test are reported: *p < 0.05, **p < 0.005,
td All rights reserved
Figure 2. AAK Contributes to Elevated Levels of Kinetochore Phosphorylation and Reduced Kinetochore-MT Attachment Stability near
Spindle Poles
(A) Schematic of the kinetochore-targeted Mis12-Aurora FRET sensor used in this study.
(B) Representative images of the FRET reporter in the conditions shown in (C). The FRET emission ratio images ‘‘FRET/mTurq2’’ are pseudo-colored and the
arrows point to the position on the color wedge (spanning ratio values of 1.4 to 2.0) corresponding to the average emission ratio measured for the kinetochore-
targeted sensor in that cell.
(C) Vinblastine treatment, to generate unattached kinetochores, lowers the emission ratio of the FRET reporter, indicating that it is more phosphorylated.
Binucleine 2 treatment leads to an increase in the reporter FRET emission ratio at kinetochores in vinblastine-treated cells, demonstrating that ABK contributes
to phosphorylation of the sensor at unattached kinetochores. Mean values from three independent experiments are shown. DMSO, n = 106 cells; vinblastine,
n = 104 cells; vinblastine + binucleine 2, n = 108 cells.
(D) Representative images of the FRET reporter in the conditions shown in (E). The FRET emission ratio images ‘‘FRET/mTurq2’’ are pseudo-colored, and the
arrows point to the position on the color wedge (spanning ratio values of 1.4 to 2.0) corresponding to the FRET emission ratios measured for the sensor at aligned
and, when appropriate, polar kinetochores (asterisk) in that cell.
(E) The mean FRET emission ratio of the sensor is lower at polar kinetochores, generated by depletion of CENP-meta, than at aligned kinetochores. Co-depletion
of AAK leads to an increase in the emission ratio at polar kinetochores compared to polar kinetochores in CENP-meta-depleted cells. Thus, the sensor is more
phosphorylated at kinetochores near spindle poles than at bioriented kinetochores, and AAK contributes to this difference in the phosphorylation state. Mean
(legend continued on next page)
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remained in AAK-depleted cells (Figure 2E). Unfortunately, the
effects of binucleine 2 onFRETmeasurements (Figure S2B) com-
bined with catastrophic failure in bipolar spindle assembly in
ABK-inhibited S2 cells made it technically infeasible to measure
FRET ratios at polar versus bioriented attachments in ABK-
inhibited cells. Nonetheless, the data support the conclusion
that an AAK activity gradient contributes to phosphorylation of
the Mis12-FRET sensor at polar kinetochores in S2 cells.
The checkpoint protein Mad1, which is depleted from stable
kinetochore-MT attachments [33], was next used to probe the
attachment states of polar kinetochores in the presence and
absence of AAK activity. Mad1 levels at kinetochores were
examined in CENP-meta-depleted cells expressing Mad1-GFP
under the control of its endogenous promoter (Figures 2F and
2G). To measure Mad1 enrichment at polar kinetochores, we
compared the ratio of background corrected fluorescence inten-
sities of Mad1-GFP to Ndc80 signals at misaligned kinetochores
to the average Mad1 to Ndc80 ratio intensities of six bioriented
kinetochores within the same cell. Indicative of a lack of attach-
ment [32], polar kinetochores, on average, exhibited an26-fold
increase in Mad1 levels relative to bioriented attachments in
CENP-meta-depleted cells treated with DMSO. Treatment with
125 nM MLN8237, an AAK-specific inhibitor [34] that potently
and specifically inhibits Drosophila AAK (Figures S3A–S3C),
caused a significant reduction in Mad1 enrichment (4-fold) at
polar kinetochores. The observed differences in kinetochore-
associated Mad1 levels were not due to general effects of the
treatments on Mad1 localization as neither MLN-treatment,
CENP-meta depletion, or the combination affected Mad1
loading at unattached kinetochores (Figure 2H). These findings
along with recent work [35] suggest that polar kinetochores in
CENP-meta-depleted cells establish more stable attachments
when AAK is inhibited.
Chromosome alignment and kinetochore-MT attachment
states were next examined in cells with compromised AAK activ-
ity. Similar to previous observations in S2 cells [36], AAK deple-
tion resulted in 40% of MG132-treated mitotic cells exhibiting
‘‘abnormal metaphases’’ with at least one misaligned chromo-
some (Figures 3A and 3B). Treatment with 125 nM MLN8237
mirrored the AAK RNAi depletion phenotype (Figures 3C and
3D). The attachment states of misaligned chromosomes were
evaluated by careful examination of serial fluorescent z sections
of chromosomes, kinetochores, and MTs in control and AAK-
inhibited cells (Figures 3E–3H). The attachment states of the
misaligned chromosomes fell into four categories: (1) ‘‘mono-ori-values from three independent experiments are shown. Control RNAi, metaphase
double RNAi, aligned n = 106, polar n = 120.
(F) Single planes from representative images of CENP-meta-depleted Mad1-GF
MLN8237 and stained for Ndc80 (red) and DAPI (blue). Examples of aligned (A) an
The fold enrichments of Mad1 at the polar relative to aligned kinetochores are ind
the spindle poles.
(G) Quantifications of fold Mad1-GFP enrichment at polar kinetochores in CENP
values are shown. CENP-meta RNAi + DMSO, n = 18 polar kinetochores, n = 42 al
aligned kinetochores.
(H) Levels of Mad1-GFP ratioed to Ndc80 at unattached kinetochores are unaffe
dependent experiments are shown. Colchicine +: DMSO, n = 255 kinetochores; M
CENP-meta RNAi + DMSO, n = 198 kinetochores; CENP-meta RNAi + MLN8237
All error bars indicate the SEM. Scale bars, 5 mm (B and D), 10 mm (F), and 1 mm (F,
and p values from a Mann-Whitney Wilcoxon t test are reported in (E): not signifi
1846 Current Biology 25, 1842–1851, July 20, 2015 ª2015 Elsevier Lented (k-fiber)’’ if one kinetochore was attached to a pole and the
other kinetochore was nucleating a second kinetochore fiber
(k-fiber) or focused spindle pole extending into the cytoplasm,
(2) ‘‘mono-oriented/lateral’’ if one kinetochore was attached to
a pole and its sister was either unattached or was laterally inter-
acting with a nearby k-fiber (most likely in the process of CENP-
E-mediated congression [37]), (3) ‘‘syntelic’’ if sister kinetochores
were attached to the same pole, and (4) ‘‘unknown’’ if the attach-
ment state could not be discerned. Once again, the MLN8237
treatment phenocopied AAK RNAi (Figures 3F and 3H). In both
conditions, the majority of misaligned chromosomes (50%–
60%) had syntelic attachments and 25%–30% had mono-ori-
ented/lateral interactions, suggesting that CENP-meta is active
in AAK-inhibited S2 cells. A role for AAK in error correction was
further evidenced by the observation that the PEF effect was
more potent in AAK-depleted cells relative to control RNAi cells
(Figures S3D–S3F). The fixed cell datawere corroborated by live-
cell imaging of AAK depleted Ndc80-GFP expressing cells
(Figure 3I and Movie S3). In an excellent example that captured
the chromosome misalignment types observed in fixed AAK-
inhibited cells, a syntelically attached chromosome remained
‘‘pinned’’ at the spindle pole for at least 40 min before congress-
ing, most likely via a mono-oriented/lateral interaction, at a rate
consistent with CENP-E-driven congression [37]. One of the
sister kinetochores then became merotelically attached to both
poles, laterally deformed, and briefly lagged in anaphase before
properly segregating.
To investigate whether the contribution of AAK to error correc-
tion is conserved beyond Drosophila, we used PtK1 cells, which,
due to their low chromosome number, have been an excellent
model for characterizing error correctionmechanisms [3, 6]. First,
we identified a concentration (1mM)of theAAK inhibitorMLN8054
[38] that affected chromosome behavior but did not alter mitotic
index, distribution of mitotic stages, or spindle assembly (Figures
S4A–S4C). PtK1 cells treated with 1 mMMLN8054 did not exhibit
a reduction in centromere-associated phosphorylated-ABK (Fig-
ure S4D), indicating that ABK activity was not affected by this
drug concentration. However, kinetochores in MLN8054-treated
prometaphase cells were, on average, positioned closer to the
spindle poles than in untreated cells and a significant number of
kinetochores localized very close to the poles, which was never
observed in control cells (Figures 4A and 4B). Moreover,
MLN8054-treated PtK1 cells displayed higher frequencies of
merotelic kinetochores at the metaphase plate than control cells
(Figures 4C and 4D), and, as a result, significantly more anaphasen = 119 cells; CENP-meta RNAi, aligned n = 98, polar n = 107; CENP-meta, AAK
P (green in merged images) expressing cells treated with DMSO or 125 nM
d polar (P) kinetochores for each condition are shown in the (53 zoom) insets.
icated in the Mad1-GFP images for each cell. Asterisks indicate the position of
-meta-depleted cells treated with DMSO (control) or 125 nM MLN8237. Mean
igned kinetochores; CENP-meta RNAi +MLN, n = 46 polar kinetochores, n = 48
cted by MLN treatment and CENP-meta depletion. Mean values from two in-
LN8237, n = 255 kinetochores; control RNAi + DMSO, n = 200 kinetochores;
, n = 200 kinetochores.
insets). Two-tailed p values of a Student’s t test are reported in (C), (G), and (H),
cant (n.s.) p > 0.05, *p < 0.05, ***p < 0.0005. See also Figure S2.
td All rights reserved
Figure 3. AAK Is Required for Efficient Error Correction in Drosophila S2 Cells
(A) Representative maximum-intensity projections from confocal z sections of control and AAK-depleted cells stained for Ndc80 (red in the merged image),
phospho-ABK, tubulin (green), and DAPI (blue). Misaligned chromosomes with normal levels of centromere-enriched phospho-ABK are more prevalent in AAK-
depleted cells than in control cells.
(B) Quantification of the percentage of MG132-treated cells with normal metaphase plates and misaligned chromosomes in control and AAK-depleted cells.
Mean values from three independent experiments are shown. Control RNAi, n = 317 cells; AAK RNAi, n = 326 cells.
(C) Representative maximum-intensity projections from confocal z sections of DMSO- and MLN8237-treated cells stained for Ndc80 (red in the merged image),
phospho-ABK, tubulin (green), and DAPI (blue). Treatment with 125 nM MLN8237 phenocopies AAK depletion.
(legend continued on next page)
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lagging chromosomes were observed in MLN8054-treated cells
(Figure 4E). These data demonstrate that inhibition of AAK com-
promises error correction and results in chromosomemis-segre-
gation in mammalian PtK1 cells.
We reasoned that AAK regulates error correction by targeting
many of the same substrates as ABK. A crucial target of ABK is
the Ndc80 complex, which directly binds MTs [10, 11, 39, 40].
High-affinity interactions between the Ndc80 complex and MTs
requires the unstructured and highly basic N-terminal tail of
Ndc80/Hec1 [11, 40–42], which contains numerous ABK sites
[10–12, 22] that, when phosphorylated, lower the complex’s
affinity for MTs [10, 11, 17]. Thus, we examined the contribution
of AAK to the phosphorylation of a previously defined ABK site in
Ndc80/Hec1 (Ser55) [10–12] by using a phospho-specific anti-
body against pSer55 in HeLa cells. Compared to control cells,
treatment with 300 nM MLN8237 significantly reduced kineto-
chore pSer55 staining at attached (Figures 4F and 4G) and unat-
tached kinetochores (Figures S4E and S4F). The 300 nM
MLN8237 treatment caused a minor but significant reduction in
Ndc80 levels relative to CENP-A (Figures S4G and S4H), which
may be due to partial inhibition of ABK at this inhibitor con-
centration, although phospho-H3-Ser10 levels were not signifi-
cantly reduced relative to control metaphase cells (Figure S4I).
These data are consistent with a phospho-proteomic study
that implicated AAK as the primary kinase targeting Ndc80-
Ser55 [43]. Although cell-based inhibitor studies suggest that
AAK contributes to phosphorylation of Ser55, they are not a
direct demonstration of AAK-mediated phosphorylation. To
test whether AAK directly phosphorylates Ser55, we performed
an in vitro phosphorylation assay with recombinant bonsai
Ndc80 complex [11] and purified AAK. When incubated with
the bonsai Ndc80 complex in phosphorylation buffer, AAK effi-
ciently phosphorylated Ser55 (Figure 4H). Finally, to examine
the spatial contribution of AAK activity to phosphorylation of
Ndc80-Ser55, we used the CENP-E inhibitor [44] GSK923295
to generate polar and aligned kinetochores in HeLa cells in the
presence and absence of MLN8237 (Figure 4I). In agreement
with the S2 cell findings, polar kinetochores were more phos-
phorylated than aligned/away from the pole kinetochores, and
the polar bias in phosphorylation was lost when cells were
treated with 300 nM MLN8237 (Figure 4J). Although these find-
ings do not exclude a role for ABK in phosphorylating Ndc80-
Ser55 or other kinetochore substrates in the vicinity of spindle
poles, taken together, the data demonstrate that AAK can
directly phosphorylate Ndc80-Ser55 and that AAK activity con-
tributes to phosphorylation of this residue in HeLa cells.(D) Quantification of the percentage of MG132-treated cells with normal metaphas
Mean values from three independent experiments are shown. DMSO, n = 318 ce
(E) Zoomed views of the insets highlighted in the DAPI channel in (A). In the merg
(F) Mean values of each type of attachment at misaligned chromosomes in contr
n = 71 kinetochore pairs; AAK RNAi, n = 80 kinetochore pairs.
(G) Zoomed views of the insets highlighted in the DAPI channel in (C). In the merge
syntelic (S) attachment.
(H) Mean values of each type of attachment at misaligned chromosomes in DM
kinetochore pairs each for the DMSO and MLN conditions.
(I) Still frames from a spinning disk confocal time-lapse of an Ndc80-GFP-expr
regions.
Error bars indicate the SEM. Scale bars, 5 mm (A and C) and 2 mm (E and G). Two-t
Figure S3 and Movie S3.
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While it has been postulated that AAK could create a kineto-
chore-MT attachment destabilizing environment near spindle
poles [45], it has not been demonstrated experimentally. Here
we directly test this hypothesis, and our findings support the
existence of a pole-centered AAK phosphorylation gradient
that contributes to error correction and counters the potential
side effects of elevated PEFs. We envision that superimposed
PEF and AAK gradients create a balance of activities near
spindle poles that promotes error correction, congression, and
biorientation resulting in a spatiotemporal path from mal- to
bioriented chromosomes (Figure 4K). First, as an erroneous
attachment moves poleward, it may become stabilized by
progressively higher levels of opposing PEFs. Second, at
some distance from the pole, the PEF effect is countered by
an AAK gradient that phosphorylates attachment factors such
as the Ndc80 complex. Third, AAK facilitates congression by
biasing CENP-E activity, which has been shown to be phos-
pho-regulated near spindle poles by Aurora kinases [46], toward
the mid-spindle and by allowing PEFs to push chromosomes
away from poles. Note that in this model, production of an
unattached kinetochore(s) by AAK is not only a prerequisite
for biorientation, but also permits PEFs to congress chromo-
somes without generating unwanted tension at incorrect
attachments.
Both the CEN- and pole-based pathways are spatial posi-
tioning phenomena, with the CEN-based system depending on
positioning of kinetochore targets relative to ABK and the pole-
based pathway relying on spatial positioning of kinetochores
relative to spindle poles and AAK. Although both error correction
pathways are likely to share common targets (e.g., Ndc80/Hec1),
we view the CEN-based pathway as kinetochore intrinsic
because the correction machinery (ABK) localizes to the kineto-
chore region, whereas the pole-based pathway is kinetochore
extrinsic since the correction machinery is primarily enriched
outside the kinetochore region at the spindle poles/centro-
somes. There may be orders of magnitude difference in the
working distances of the CEN- and pole-based systems, as
changes in spatial separation occur on the nanometer [13–17,
47] and micrometer scale [6], respectively. It will be worthwhile
to characterize how the working distance of the pole-based
AAK gradient is defined. Although Drosophila TPX2 does not
regulate AAK [48], in other organisms, TPX2, which localizes
AAK to spindle microtubules [49] and activates its kinase activity
[50, 51], may help delineate and amplify an AAK gradient [52].e plates and misaligned chromosomes in DMSO- and MLN8237-treated cells.
lls; 125 nM MLN8237, n = 322 cells.
ed image, Ndc80 is red, tubulin is green, and DAPI is blue.
ol and AAK-depleted cells from three independent experiments. Control RNAi,
d image, Ndc80 is red, tubulin is green, and DAPI is blue. The arrow points to a
SO- and MLN8237-treated cells from three independent experiments. n = 75
essing S2 cell depleted of AAK. Insets show an 83 zoom of the highlighted
ailed p values of a Student’s t test are reported: *p < 0.05, **p < 0.005. See also
td All rights reserved
Figure 4. AAK Contributes to Error Correc-
tion in Mammalian Cells and Phosphory-
lates the N-Terminal Tail of Ndc80/Hec1 in
Human Cells
(A) Representative maximum-intensity projections
of confocal z sections of PtK1 cells treated with
1 mM MLN8054 and stained for tubulin (red) and
centromeres (green). Arrows point to polar, mis-
aligned chromosomes.
(B) Scatter plots of relative kinetochore positions
normalized to the spindle length in control and
MLN8054-treated PtK1 cells. The ‘‘0’’ position rep-
resents the spindle pole, and the ‘‘50’’ position
marks the mid-spindle (dashed black line). The
average centromere position (black bar) is closer to
the spindle poles in MLN8054-treated cells than in
control cells, and a significant population of kineto-
chores are ‘‘pinned’’ to the poles (near 0) in
MLN8054-treated cells (red box). Control, n = 406
kinetochores; 1mMMLN8054,n=642kinetochores.
(C) Representative images (left, maximum-in-
tensity projection; right, single focal plane) of a
PtK1 cell treated with 1 mM MLN8054 and stained
for tubulin (red) and centromeres (green). Arrows
point to a merotelic kinetochore at the metaphase
plate that is attached to both spindle poles.
(D) MLN8054 treatment leads to a significant
increase in the average number of merotelic
attachments per cell relative to control cells.
Control, n = 191 kinetochores from 11 cells; 1 mM
MLN8054, n = 144 kinetochores from nine cells.
(E) MLN8054 treatment leads to a significant in-
crease in the percentage of lagging chromosomes
in anaphase cells relative to control cells. Mean
values of lagging chromosomes from three inde-
pendent experiments are shown. Control, n = 270
anaphase chromosomes; 1 mMMLN8054, n = 268
anaphase chromosomes.
(F) Representative images of control (DMSO) and
AAK-inhibited (300 nM MLN8237) HeLa cells
stained for pSer55-Ndc80 (red) and Ndc80 (green).
(G) Mean values of pSer55-Ndc80 to Ndc80 ratios.
DMSO, n = 280 kinetochores from 14 cells;
300 nM MLN, n = 275 kinetochores from 12 cells.
(H) An in vitro phosphorylation assay with purified
Ndc80 bonsai complex plus and minus purified
AAK blotted for anti-pSer55. AAK directly phos-
phorylates Ndc80 in vitro.
(I) Representative images of GSK923295-treated
HeLa cells with and without MLN8237 stained for
pSer55-Ndc80 (red) and Ndc80 (green).
(J) Polar kinetochores are more phosphorylated
than aligned kinetochores in GSK923295-treated
cells, and the polar bias in Ser55 phosphorylation
is lost in the presence of MLN8237. Mean values
are shown. pSer55-Ndc80 to Ndc80 ratios from
four independent experiments for GSK923295,
aligned n = 408 kinetochores from 68 cells, polar
n = 239 kinetochores from 68 cells; three inde-
pendent experiments for GSK923295 + MLN
8237, aligned n = 465 kinetochores from 55 cells,
polar n = 207 kinetochores from 55 cells.
(K) A spatiotemporal model for the path frommal- to bioriented chromosomes. As a syntelic attachment moves poleward, it becomes stabilized as it encounters
increasing PEFs, until encountering the AAK phosphorylation gradient. AAK mediates error correction by phosphorylating kinetochore-MT attachment factors
such as Ndc80/Hec1 at Ser55. The AAK gradient also facilitates congression by biasing CENP-E activity toward the mid-spindle and by allowing PEFs to push
chromosome arms away from the poles without stabilizing syntelic attachments.
Error bars indicate the SEM. Scale bars, 5 mm (A and C) and 10 mm (F and I). Two-tailed p values of a Student’s t test are reported: not significant (n.s.) p > 0.05,
*p < 0.05, **p < 0.005, ***p < 0.0005. See also Figure S4.
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Regardless of the effective range of AAK activity, we propose
that a key difference between the two pathways is that tension
opposes CEN-based error correction, whereas the pole-based
pathway is regulated not by tension, but by positioning kineto-
chores within the spindle relative to the poles. The pole-based
error correction pathway appears to be conserved in meiotic
cells as a concurrent study using mouse oocytes found that
AAK activity contributes to destabilizing kinetochore-MT attach-
ments near spindle poles [53].
It is imperative that mal-oriented chromosomes near spindle
poles are corrected, because whereas only a fraction of mero-
telic kinetochores at the metaphase plate result in chromosome
mis-segregation [54], mitotic progression in the presence of
polar chromosomes would inevitably lead to aneuploidy.
Furthermore, we view the consequences of inhibiting AAK-medi-
ated error correction not merely as more subtle than the effects
of ABK inhibition, but as more insidious. Although catastrophic
failure in error correction, like that seen after potent ABK inhibi-
tion, would lead to massive and most likely lethal aneuploidy,
the presence of comparatively low numbers of ‘‘pinned’’ polar
chromosomeswhen the AAK pathway is compromisedwould in-
crease the frequency of single chromosome mis-segregation
events and be more likely to yield viable aneuploid cells. Our
findings support the conclusion that an AAK phosphorylation
gradient contributes to correcting such hazardous polar attach-
ments before cells divide.
EXPERIMENTAL PROCEDURES
Experimental procedures are described in the Supplemental Information.
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